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The effect of grain size was not fully explored in composites containing ferroelectric and magnetic phases
including the independent properties of each phase. Aiming to study the dependence of ferroic and multiferroic
properties with average grain size in composites this work reports preparation method and electric, magnetic and
magnetoelectric properties of particulate composites with distinct combination of grain size of each phase. A new
sintering method was applied to prepare a group of samples with distinct configuration of grain size distribution.

With this method it was possible to densify ceramics avoiding grain growth using spark plasma sintering. It was
observed that the all ferroic and multiferroic properties were correlated with the setup of grain size of each phase
in the composite, by example the dependence of magnetic properties with the electric phase grain size. Besides it
was noticed that is possible to improve magnetoelectric coefficient by changing grain size of both phase, even
inducing the self-biased effect by decreasing the grain size of the ferroelectric phase.

1. Introduction

The development of multifunctional materials to be applied in sen-
sors and actuators have been facing many challenges, besides of the
multifunctional features, the performance as well as the reduction to the
nanometric scale [1,2]. By example, multifunctional materials holding
more than one ferroic order simultaneously, such as the magnetic and
electric order, could be applied in devices where the coupling of these
orders, magnetoelectric effect, can be exploited [3]. There is already a
wide range of possible applications for these materials, for example, ac
and dc magnetic field sensors, multi-state memories, solar cells, etc. [4,
51.

In composite materials the coupling between magnetic and electric
properties is given by mechanical deformation induced by application of
an external signal (i.e., piezoelectric by applying an electric field or
magnetostrictive by application of magnetic field). From the point of
view of magnetoelectric coefficient, studies have pointed out several
factors which affect it, such as magnetic/piezoelectric phase perfor-
mance; degree of connectivity; the average grain size of each phase;
among others [1]. In this sense, such factors should be considered when

choosing the design of the material (composition) and processing tech-
nique [1].

Studies have shown an anomalous behavior on the dependence of the
magnetoelectric coefficient (MC) with the magnetic field in composite
materials characterized by a spontaneous response in MC at null bias
magnetic field, called self-biased effect (SB) [6-8]. One of the origins of
this effect, as observed in heterostructure, is related to intrinsic me-
chanical stress inherent to interfaces of distinct phases [6]. Since the
strain could be generated by lattice mismatch and thermal expansion
mismatch between different constituents [6], downsizing the grain size
is a way to induce self-biased effect by mechanical stress. By the other
side, increasing or decreasing the grain size will not only result on
change MC, but also it will bring consequences on the electric and
magnetic properties.

The effect of reducing the average grain size of ferroelectrics on the
piezoelectric, dielectric and ferroelectric properties has been studied
[9-11] and it was reported the decrease of these properties with
downsizing the grain size [1]. Besides, a structural transition from
tetragonal to monoclinic or cubic structure driven by reduction of grain
size was already reported for (x) [PbMg;,3Nb2,303] — (1-x) [PbTiO3] for
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Fig. 1. Flowchart of powder combination of PMN-PT and CFO. Nomenclature (nano) and (micro) refers to the order of magnitude of the average particle size.

Table 1

Sintering temperature, grain size and electric field applied for electric polarization for samples thermal treated for 24 h. Values of electrical resistivity and apparent
density dependence with thermal treatment time (for 0 h and 36 h the grain size and applied electric field for electric polarization were not measured).

Grain Size
Average (nm)

Sample Electric (E) Magnetic (M) Sintering

Temperature (°C)

Poling electric Field (kV/mm)

Electric Resistivity (.m) Apparent Density (g/cm>)

Duration of Thermal Treatment

Oh 24 h 36h Oh 24h 36h
E (nano) 230 800 2 1.7x10% 4.4x107  4.4x10° 62 7.3 7.2
M(nano) 250
E (nano) 260 800 2 1.8x10% 3.7x10° - 63 67 -
M (micro) 1000
E (micro) 1600 900 0.8 6.6x10>  3.8x10°  1.2x10° 75 7.7 7.4
M (nano) 250
E (micro) 1600 950 0.3 1.8x10>  1.1x10°  9.2x10* 7.6 7.7 7.5
M (micro) 1000

many compositions [12,13].

CoFey04 (CFO) saturation magnetization, coercive field and rema-
nent magnetization are related with several variables such as grain size,
degree of oxidation of iron and cobalt, grain morphology, among others
[14-17]. In addition, studies have shown increase in magnetization
increasing the grain size [18]. In polycrystalline materials, coercive field
exhibits an inverse dependence on grain size [19], besides according
Cullity [20], in the case of materials with magnetic multidomains the
value coercive field are inversely proportional of grain size.

It has been shown that the downsizing of the ferroelectric phase in
magnetoelectric composites decrease the magnetoelectric effect due the
reduction of ferroelectric, dielectric and piezoelectric response [1,21].
According simulations from Yue et al. [22], when a piezoelectric ma-
terial (PZT or BaTiOs3) is used as composite matrix, ME effect gradually
becomes weaker as the internal length scale of the piezoelectric matrix is
decreasing. In contrast, the magnetoelectric effect is enhanced when the
internal length scale of the piezomagnetic inhomogeneity (CoFe20y4) is
decreasing. In composites containing 80 mol% of (0.675)
[Png1/3Nb2/303] - (0.325) [PbTiOg] (PMN-PT) and 20 mol% COF6204
(CFO) it was observed the influence of stress generated by decrease of
temperature in magnetoelectric response, at 300 K an ordinary magne-
toelectric coefficient behavior was obtained meanwhile at 5 K a hysteric
behavior was noticed [23]. Since grain size could change mechanical
interaction between the phases [24,25], the effect of decreasing tem-
perature on magnetoelectric coefficient observed by Gualdi et al. [23]
could be induced at room temperature by changing the grain size of both
phases.

To obtain ceramics with controlled grain size is necessary a densi-
fication technique which prevents grain growth of powders with small
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particle size. Conventional sintering often leads to grain growth
providing dense but coarsened grained ceramics, due to the high tem-
peratures applied for densification [26,27]. There are several methods
reported which could be applied to densify ceramics, however the spark
plasma sintering (SPS) has clear advantages over conventional sintering
methods, making possible to sinter nanometric powders to near full
densification with little grain growth and avoid reaction between the
compounds of the composite [26].

Aiming to study the dependence of ferroic and multiferroic proper-
ties with the combined size effects of both phases this work reports the
preparation method and electric, magnetic and magnetoelectric prop-
erties of particulate composites of (0.675) [PbMg;,3Nbs,303] — (0.325)
[PbTiO3] (PMN-PT) and CoFe;04 (CFO).

2. Experimental

Magnetoelectric composites of 0.675 [PbMg;,3Nby,303] — 0.325
[PbTiO3] (PMN-PT) and CoFe304 (CFO) were prepared by the solid-state
reaction method. The cobalt ferrite powder was prepared using Co304
and Fey03 as starting materials. The powders were mixed through ball
milling (in distilled water with ZrO5 cylinders), calcined at 900 °C, for 4
h, and then, grinded (again by ball milling), for 10 h. Aiming the in-
crease the particle size an additional thermal treatment was applied,
1100 °C for 4 h.

PMN-PT powder, with nominal formula (1-x) (Pb (Mg;,3Nby/3)03 —
(x) PbTiO3 (x = 0.325), was obtained by the Columbite Method. The
columbite precursor, MgNbOg (MN) was prepared from MgO and NbyOs
mixed oxides, and calcined at 1100 °C, for 4 h. Then, following the
batching formula, MN precursor was mixed with PbO and TiO, and



D.S.F. Viana et al. Ceramics International 48 (2022) 931-940

i e

PZ+Z Pellet
A

Powder

Attmina-Cra

PZ+Z Pellet

Fig. 2. Four distinct setup of bed powder and crucible applied for thermal treatment post sintering process: (a) PZ + Z powder bed and sealed crucible; (b) PMN-PT
powder bed plus an inner crucible with holes with a pellet of PZ + Z on it and an outer sealed crucible; (c) sample covered by PMN-PT powder plus an inner crucible
with holes with a pellet of PZ + Z on it and an outer sealed crucible; and (d) sample covered by PbO powder and sealed crucible.
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Fig. 3. XRD patterns and particle size distribution of PMN-PT and CFO powders with distinct average particle size.
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Fig. 4. XRD patterns of PMN-PT (nano)/CFO (nano) sintered at several temperatures using SPS sintering process. Phases peaks positions of secondary phases are

indicated on the graphic.
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calcined at 900 °C, for 4 h, and ball milling grinded for 10 h. In order to
reduce the particle size of the PMN-PT powder, ball milling with 1 mm
diameter zirconia balls at 170 rpm was used for 24 h, followed by
another 24 h with 0.5 mm balls.

To obtain four composites with different setup of grain size of PMN-
PT and CFO, the powders of each phase were separated in two samples,
one with smaller particle size and another with bigger particle size. The
powders with smaller particle size were named PMN-PT (nano) and CFO
(nano), the same process was adopted for powders with bigger particle
size, resulting in PMN-PT (micro) and CFO (micro). At pairs these
powders were blended at proportion of 80 and 20 mol %, within PMN-
PT the powder with higher concentration, in a planetary ball mill
(pulveriset PM200) at 300 rpm for 1 h with a ball-to-powder mass ratio

20

Fig. 5. XRD patterns of both polished surfaces of the pellets: (a) thermal treated for 6 h using setup presented in Fig. 2(a); (b) thermal treated for 10 h using setup
presented in Fig. 2(b); thermal treated for 10 h using setup presented in Fig. 2(c); and (d) thermal treated for 10 h using setup presented in Fig. 2(d).
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of 1:1, resulting in 4 different mixture, each of these presenting distinct
combination of particle size of each phase, as represented in Fig. 1.

Each powder mixture was sintered in Spark Plasma Sintering system
using a Sinterer SPS-1020, Syntex, at different temperature for 300 s in
argon atmosphere with heating and cooling ratio of 200 °C/minute and
uniaxial pressure of 50 MPa. Sintering temperatures used for each
powder combination are presented in Table 1. After sintering process, all
samples were annealed for 24 h at 690 °C aiming to eliminate the carbon
residues, secondary phases and oxidize, as previously reported by Viana
et al. [28]. Moreover, this process was successful applied in many ma-
terials in order to eliminate the carbon resulted from SPS densification
process [29,30] and in PMN-PT to remove secondary phases which
resulted from SPS [12,28].
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Fig. 6. (a) XRD patterns of samples thermal treated using set up presented in Fig. 2(c) and (d); (b) Secondary phase relative quantity in function of thickness of
sample PMN-PT (nano)/CFO (nano) thermal treated for 10 h using set up 2(d); and (c) Relative density and dc electrical resistivity of PMN-PT (nano)/CFO (nano)
thermal treated at different times using set up presented in Fig. 2 (d).
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Fig. 7. Scanning electron microscopy (SEM) images and the grain size distribution for the different samples sintered by SPS and thermal treated for 24 h. (a) SEI and
BEI image of same region of sample PMN-PT(nano)/CFO(nano); (b) SEI and BEI image of same region of sample PMN-PT(micro)/CFO(nano); (c) SEI image of two
distinct region of sample PMN-PT(nano)/CFO(micro); and (d) SEI and BEI image of same region of sample PMN-PT (micro)/CFO(micro).

To perform thermal treatment after sintering process four setup of
crucible (Fig. 2) were used. Similar procedures are already adopted in
materials sintering with Pb in their composition with the goal to create a
rich environment of PbO [31-33]. All applied setup are presented in
Fig. 2: (a) powder bed of PbZrOs + 10% ZrO, (PZ + Z) and sealed
crucible with PZ + Z; (b) powder bed of PMN-PT and sealed crucible
with PZ + Z, the inner crucible has holes on top where was positioned a
pellet of PZ + Z and all these setup were involved by another sealed
crucible; (c) the pellet was completely involved by PMN-PT powder and
sealed crucible with PZ + Z, the inner crucible has holes on top where
was positioned a pellet of PZ + Z and all these setup were involved by
another sealed crucible; and (d) the pellet was completely involved by
PbO powder and sealed crucible with PZ + Z.

X-ray diffraction (XRD) analysis was performed using Rigaku Rota-
flex RU200B diffractometer, with CuKa radiation. FullProff was applied
in Rietveld Refinement. Particle size distribution was determined by a
particle size analyzer Horiba CAPA-400. The electron microscope JEOL-
JSM 5800 LV was used to examine morphology of the grains of the bulks.
The average grain size of bulks were calculated using the log-normal
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distribution [34,35]. Electrical resistivity measurement was performed
using an electrometer Keithley 617. Room temperature ferroelectric
hysteresis loops were carried out with a modified Sawyer-Tower circuit
at frequency of 50 Hz. The magnetic measurements were performed
using Squid-VSM magnetometers by Quantum Design. Magnetoelectric
coefficient was measured in the Physical Properties Measurement Sys-
tem (PPMS-6000). To perform magnetoelectric measurements at room
temperature samples were electric poled at different electric field
(Table 1). Distinct value electric field was applied on samples due to
electric conductivity of the samples.

3. Results and discussion

Fig. 3 shows the room temperature X-ray diffraction patterns for
PMN-PT powder after and before milling. The XRD patterns showed
diffraction peaks corresponding to the perovskite phase of PMN-PT
without a trace of another phase. Insets show the particle size distri-
bution for each powder. The milled one has average particle size of 180
nm and another 850 nm. Fig. 3 also shows the room temperature X-ray
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Fig. 8. Rietveld refinement of the XRD pattern of: (a) PMN-PT (nano)/CFO (nano); (b) PMN-PT (nano)/CFO (micro); (¢) PMN-PT (micro)/CFO (nano); and (d) PMN-

PT (micro)/CFO (micro).

Table 2

Ferroelectric quantity phase and chi square obtained by Rietveld method.
Phase quantity (%) P4mm (tetragonal) P1ml (monoclinic) x>
Sample
PMN-PT (nano) 25.8 74.2 2.0
CFO (nano)
PMN-PT (nano) 25.2 74.8 3.1
CFO (micro)
PMN-PT (micro) 57.5 42.5 2.1
CFO (nano)
PMN-PT (micro) 52.4 47.6 4.8

CFO (micro)

diffraction patterns for CFO after and before thermal treatment. The
XRD patterns showed the diffraction peaks corresponding phase of CFO.
The powder thermal annealed presented average particle size of 800 nm
while as prepared powder 270 nm.

PMN-PT and CFO powders were mixed and sintered at temperature
according Table 1. The two composites containing PMN-PT (nano) were
prepared at temperature of 800 °C while PMN-PT (micro)/CFO (nano)
and PMN-PT (micro)/CFO (micro) were sintered at 900 °C and 950 °C,
respectively. Distinct sintering temperature could be related with the
fact that reducing particle size could modify the densification process by
increasing the reactivity of particles, thus decreasing the sintering
temperature [12,36,37]. All sintered composite presented high elec-
trical dc conductivity (Table 1) compared with samples prepared by
other methods [38,39].

On composites containing PMN-PT (nano) the sintering process

937

induced appearance of secondary phases and low relative density, on the
other hand ceramics containing PMN-PT (micro) presented only PMN-
PT and CFO phases and high relative density (Table 1). Decreasing the
average grain size of PMN-PT powder increased its reactivity leading to
dissociation of PMN-PT phase in two secondary phases as observed by Jo
el al [12]. Jo et al. reported the appearance of two secondary phases
sintering PMN-PT with particle size of 9 nm using SPS, moreover the
quantity of secondary phases observed were bigger than PMN-PT
quantity phase [12]. CFO phase did not presented degradation after
sintering process which could be related to the phase stability at tem-
peratures applied [40].

Changing the sintering temperature did not prevent formation of
secondary phases in composites containing PMN-PT (nano) as one can
see in XRD in Fig. 4. This figure shows XRD patterns for distinct sintering
temperature ranging from 800 °C to 900 °C, for a particular combination
PMN-PT(nano)/CFO(nano). It has been observed additional phase
PboNbsTiOg (PDF 00-019-0692) and Pb,O (PDF 00-002-0790) for all
applied sintering temperature. At 900 °C an additional not identified
phase appears showing that increasing the sintering temperature will
result on more quantity of secondary phases. These phase formation
arises from the dissociation of PMN-PT in a deficient Pb pyrochlore
phase plus a phase rich in Pb, similar PMN-PT phase degradation was
observed by Jo et al. [12] when the authors prepared PMN-PT using SPS
technique. The selected sintering temperature to perform our studies
was 800 °C due the fact that was the lower sintering temperature applied
which avoid grain size growth. Aiming to remove secondary phases a
thermal treatment was applied, thus four distinct crucible setup (Fig. 2)
were tested only in PMN-PT (nano)/CFO (nano) pellet, ceramics con-
taining PMN-PT (micro) did not presented phase degradation after sin-
tering process.

Results of phase formation due changing the setup of crucible are
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frequency 1 kHz. The legend E refers to electric phase and M to magnetic phase.

discussed based in XRD patterns presented in Fig. 5. Fig. 5 (a) shows
XRD results for a sample thermal treated for 6 h applying the setup
represented in Fig. 2 (a). One can see the decrease of secondary phase
quantity in comparison with that sample without thermal treatment
presented in Fig. 4. However, the face which was in contact with PZ + Z
bed powder showed less quantity of secondary phases than the another
surface without contact, demonstrating that the contact of sample and
PZ + Z powder play a role on the task of eliminating undesirable im-
purities. Several studies on Pb based ferroelectrics had demonstrated
that bed powder has a play controlling the Pb losses on sintering process
[31-33].

The setup presented in Fig. 2 (b) were applied in thermal treatment
for 10 h, however bed powder were made of PMN-PT powder instead of
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PZ + Z powder. This setup was more efficient on eliminating at sec-
ondary phase compared with set up 2 (a). However, it was not possible
to eliminate completely them at these conditions. Besides, distinct re-
sults were obtained on each surface, showing that the bed powder
contact with sample play a role on this action.

Both set up presented in Fig. 2 (c) and 2 (d) were applied on a
thermal treatment for 10 h. Both cases no secondary phases were
observed at surface. However, cracking the sample and make it on
powder, phases PbyNb,TiOg and Pb,O are still detected by XRD, Fig. 6
(a). Between these two samples, the sample thermal treated using set up
2 (d) presented less quantity of secondary phases than sample thermal
treated with 2(c).

Sample thermal treated using setup 2 (d) was used to investigate the
quantity of secondary phases inside the sample. To estimate the rela-
tionship of phase quantity of PboNb,TiOg and Pb,0 inside, it was used
the intensity value of the most intense peak of each phase. Thus, the
phase concentration was estimated by the ratio of the secondary phase
peak intensity to the sum of all other phases peak intensity (PMN-PT +
PbyNb,TiOg + PbyO + CFO). Calculating the relationship of peak in-
tensity of XRD, a qualitative analysis of concentration of secondary
phases was obtained and presented on Fig. 6 (b). According to the dis-
tance of bulk’s center it was observed that the reaction of PboNb,TiOg +
Pb,0O + PbO (atmosphere created by crucible setup) = PMN-PT occurs
from outside to inside.

Thermal treatment using the setup presented in Fig. 2(d) was applied
for different times varying from O to 36 h. Sample thermal treated for 24
h exhibits higher values of density and dc electrical resistivity (Fig. 6(c)
and Table 1). The same protocol was applied to other three samples
increasing values of density and electrical resistivity (Table 1). Besides,
secondary phases were eliminated of sample PMN-PT(nano)/CFO
(micro). For longer thermal treatments times both value of relative
density and electrical resistivity decrease for all samples due to the
losses of PbO.

Fig. 7 shows the scanning electron microscopy (SEM) images and the
grain size distribution for the different samples sintered by SPS, average
grain size for each sample and each phase are shown in Table 1. Fig. 7
(a), 7(b) and 7(d) presents the same bulk region for PMN-PT(nano)/CFO
(nano), PMN-PT(micro)/CFO(nano) and PMN-PT(micro)/CFO(micro),
respectively, presenting on the left side Secondary electron imaging
(SED) and on the right side the Backscattered electron imaging (BEI). On
BEI image brighter grains represents PMN-PT and darker grains CFO.
For PMN-PT(nano)/CFO(nano) the of grain size distribution of both
phases is similar, thus the average grain size of two phase is close. By
micrography of PMN-PT(micro)/CFO(nano), Fig. 7(b), is notable that
the grain size of PMN-PT is bigger than 1 pm and CFO grain size is
smaller than the PMN-PT reaching up to 500 nm. The same situation is
observed in PMN-PT(micro)/CFO(micro), however on this sample CFO
grain size is bigger than the PMN-PT(micro)/CFO(nano). Fig. 7(c) shows
two distinct region of same sample PMN-PT (nano)/CFO(micro), on the
left image is possible to see mostly grains of PMN-PT(nano) while at
right micrography is shown the difference of grain size between the
phases.

Table 1 presents average grain size for each phase and pooling field
for samples thermal treated for 24 h. In addition others information are
shown in Table 1 like relative density and apparent density for samples
thermal treated for 0, 24 and 36 h.

Setup presented in 2(d) was applied for 24 h in all samples in order to
investigate theirs properties. Fig. 8 shows room temperature X-ray
diffraction patterns at the room temperature and Rietveld refinament for
(0.8) [0.675 PMN - 0.325 PT]/(0.2) CFO with distinct grain size
configuration. For all the samples XRD patterns showed the diffraction
peaks corresponding to the phase of CFO and perovskite phase of PMN-
PT without a trace of secondary phase. Table 2 shows the tetagronal and
monoclinic phase quantity obtained by Rietveld Refinament. Lowest
values of chi square where obtained for samples presenting simulta-
neously tetragonal and monoclinic phase, it is well-known that this
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Fig. 10. Value of maximum magnetoelectric coefficient and magnetic field intensity where the maximum magnetoelectric coefficient was observed for distinct
configurations of average grain size. The legend E refers to electric phase and M to magnetic phase. The plotted line is a guide for the eye.

composition of PMN-PT lies in the morphotropic phase boundary [41]. It
was observed the dependence of PMN-PT crystal structure with grain
size, as well as was already reported for 0.7 PMN - 0.3 PT [12]. When
the grain size was reduced the quantity of monoclinic phase increase
whiles the quantity of tetragonal phase decrease, as one can see on
Table 2. The transition of a distorted structure to a more symmetrical
structure by reducing the grain size was observed in several ferroelectric
materials like BaTiO3 [42] and PMN-PT [12,13].

By Fig. 9 (a), polarization curve vs electric field, it is possible to see
that the grain size of electrical phase (E) determine the behavior of these
curves. Samples containing PMN-PT (nano) presented a slim loop
characteristic while the others with PMN-PT (micro) displayed a
conductive behavior. Also samples containing PMN-PT (micro) pre-
sented leakage current at low values of electric field, smaller than that
observed on bulks containing PMN-PT (nano), therefore small values of
applied electric field was achieved during electric pooling process of
these samples. Specifically, the sample PMN-PT (micro)/CFO (micro)
display a conductivity behavior, thus at this sample only 0.3 kV/cm of
electric field during electric polarization process could be applied
(Table 1). The influence of grain downsizing of ferroelectric phase
showed increase of electrical resistivity and smaller values of electrical
polarization. The decrease of electrical polarization could be related
with type and configuration of ferroelectrics domains which depends of
crystal symmetry which was modified by downsizing the grain size [13].

Fig. 9(b) shows the magnetization vs. magnetic field curve at room
temperature. Samples with CFO (micro) presented smaller value of co-
ercive field and remanent magnetization than that observed in CFO
(nano). This behavior is in agreement with reported for magnetic ma-
terials [19,20,40], since that the increase on grain size results in smaller
coercive field. Samples containing CFO(micro) showed same behavior
on magnetization for magnetic fields up to 0.4 KOe while on samples
containing CFO(nano) was observed distinct response which could be
originated by stress of PMN-PT phase. The influence of PMN-PT phase in
magnetic properties also could be observed on remanent magnetization
and coercive field in samples with CFO (nano), Fig. 9(b). Due the fact
that the stress in CFO results in increase of coercive field [43] it is
possible that the difference observed in coercive field and remanent
magnetization maybe have originated of stress of PMN-PT on CFO.

One can see the self-biased effect (SE) in all samples (Fig. 9(c)), i.e.,
magnetoelectric response in zero magnetic bias field [2]. The origin of
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this effect is the stress which one phase exerts against another. Besides,
the SPS has influence in the generation of this effect, since that the SE
was not observed on the similar compositions of PMN-PT/CFO prepared
by other methods like hot pressing [44], conventional sintering process
[38,45,46]. The SPS create an intrinsic strain due the high rates of
temperature changes and the pressure applied during the sintering
process.

Fig. 10 shows the values of normalized maximum of coefficient
magnetoelectric and the intensity of magnetic field where this response
was measured for all samples. Regarding the maximum value of the
magnetoelectric coefficient, analyzing the two composites with the
average size of grain of ferroelectric phase (nano), recalling that were
polarized in the same condition, one can see that sample with ferrite
phase (nano) has a higher coefficient value than that with ferrite phase
(micro), as expected based on Yue theoretical model [22]. Comparing at
composites with ferroelectric phase (micro), though compromised by
the high electrical conductivity harming the process of polarization, it’s
possible to note that composite with CFO (nano) presents higher value of
magnetoelectric coefficient. Moreover, the highest coefficient was
observed in PMN-PT (micro)/CFO (nano) which is in agreement with the
proposed model in Ref. [22], where is expected maximum value of
magnetoelectric coefficient when the average grain size of ferroelectric
phase is on the micrometer order and magnetic phase has a size of few
hundred nanometers. It was also noticed that the magnetic field in which
it is obtained the maximum value of the magnetoelectric coefficient in
samples with PMN-PT (nano) are lower when compared to with PMN-PT
(micro).

Besides, it is possible to note that decreasing ferrite grain size also
decrease the value of the magnetic field where the maximum of
magnetoelectric is observed as well as ferroelectric phase, leading to a
self-biased behavior. Thus, composite that requires smallest bias mag-
netic field to the coefficient reaches its maximum value, is the PMN-PT
(nano)/CFO (micro) and the one with highest coefficient is the PMN-PT
(micro)/CFO (nano).

4. Conclusions
Samples of magnetoelectric composites 0.8 (PMN-PT)/0.2 (CFO)

with distinct configuration of grain size of ferroelectric and magnetic
phases were prepared without presence of any secondary phase. A
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protocol of thermal treatment post sintering aiming to eliminated sec-
ondary phases and improve electrical resistivity and density was
established. Electric and magnetic hysteresis loops showed the existence
of electric and magnetic order and the magnetoelectric measurements
confirms the coupling between them. The electric and magnetic prop-
erties showed dependence with grain size of individual phases, for
example by the fact of observing that the presence of PMN-PT (nano)
and (micro) in samples with CFO (nano) results in distinct magnetic
response. The difference on magnetic properties could be generated by
stress of PMN-PT under CFO. In coupled properties, it was noticed that
all composites showed self-biased effect on the magnetoelectric coeffi-
cient. Besides, the sample with smallest grain size of both phases showed
the maximum coefficient magnetoelectric at lowest magnet field.
Meanwhile, conclusions about the influence of microstructure on the
magnetoelectric coefficient, particularly the effect of self-biased effect
are still under investigation.
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